Bovine plasma and lipoproteins isolated by gel filtration chromatography were examined for their ability to activate skim milk lipoprotein lipase. Addition of equal amounts of protein from either triglyceride-rich lipoprotein, low density lipoprotein, high density lipoprotein or plasma to a lipoprotein lipase assay resulted in 6.0, 2.2, 2.5, or 1.1% hydrolysis of radiolabelled triglyceride emulsion.
INTRODUCTION
Lipoprotein lipase (LPL) hydrolyzes plasma very low density lipoprotein and chylomicron triglyceride [collectively referred to as tyiglyceride-rich lipoprotein (TGLP)] and liberated fatty acids are available for utilization by tissues (12) . The enzyme is located at the capillary endothelium of extra hepatic tissues and probably plays an important role in partitioning circulating Mglyceride fatty acids among tissues. Mammary tissue LPL activity is highest during lactation and lowest while the gland is involuted (17, 29, 30) . Adipose tissue LPL follows the opposite trend. Results from experiments conducted with rats indicate hormonal control of mammary and adipose tissue LPL with prolactin having the greatest influence (29) .
Milk is a readily available source of LPL. It is not clear why milk contains such large amounts of LPL or by what mechanism LPL enters milk. Presumably it is not transferred to milk as a result of tissue damage and leakage and appears to be secreted as efficiently as other milk proteins (23, 27) . Milk LPL activity has been measured as an indicator of mammary tissue LPL activity when examining nutritional or hormonal effects on mammary tissue lipid metabolism (4, 25) . However, it has not been established how well milk LPL activity reflects mammary tissue LPL activity or lipid secretory capacity in the bovine. Chiliiard et al. (9) observed a negative correlation between goat milk LPL and mammary tissue LPL activity. Others (4, 27) have reported that greatest milk LPL activity occurs at approximately 20 to 25-wk postpartum, which is well beyond peak milk fat production. One objective of this study was to examine the relationship between milk fat synthesis and LPL activity in milk.
Lipoprotein lipase is activated by protein contained within TGLP, and in nonruminants, the major activator is apolipoprotein C-II [MW = 9000 dal; (22)]. Low molecular weight proteins capable of activating LPL have been iso-latexl from high density lipoproteins [HDL (10, 19) ] and a combined TGLP-low density lipoprotein [LDL (32) ] fraction from bovine plasma. Research from our laboratory (16) and by Cordle et al. (11) indicated little or no low molecular weight apolipoprotein C-like proteins in bovine TGLP. Because bovine TGLP seems unique in containing minimal apolipoprotein C, a second objective of this study was to compare the relative ability of bovine TGLP, LDL, and HDL to activate milk LPL.
MATERIAI~ AND METHODS

Lipop~lsin Isolation
Total lipoproteins were isolated from plasma by ultracentrifugation, and lipoproteins were separated by gel filtration chromatography using Bio-Gel A5-M (Bio-Rad, Richmond, CA) as previously described (15) . Epsilon-amino caproic acid and phenylmethyl-sulfonyl fluoride (.13 and .08%, wt/vol) were present during all stages of lipoprotein isolation to prevent proteolytic degradation of apolipoproteins. Lipoprotein fractions and plasma were either diluted or concentrated (ultrafiltration, Amicon stirred cell Model 8050 with PM 30 membrane, Danvers, MA) to a protein concentration of .3 mg/ml. Protein concentrations were determined by the method of Bradford (7) using BSA as a standard.
Lipoprotoin Ul~Se Source
Mammary secretions were centrifuged at room temperature for 20 min at 10,000 x g within 1 h of collection. The fat cake was penetrated by Pasteur pipette and the skim milk removed and immediately frozen (-20"C) until use as an LPL source. Preliminary studies indicated that one freeze-thaw cycle did not affect LPL activity measurements (data not shown). An aliquot of skim milk from each sample was saved for protein analysis (7).
klpopl'otoln Up~e Assay
Substrate for the LPL assay was prepared according to Etienne et al. (14) fraction V bovine serum albumin (pH 8.6, Sigma, St. Louis, MO), .9 ml 1% (vol/vol) Triton X-100, and 10.2 ml .2 M Tris-HCl buffer (pH 8.6). The mixture was sonicated on ice for 3 min and frozen at -20°C until use. Skim milk LPL was assayed using the procedure of Etienne et al. (14) except that skim milk rather than postheparin plasma served as the LPL source, and lipoproteins were substituted for plasma as activator in some assays. Assay incubations contained 400 gl emulsion, 300 I11 4% bovine serum albumin in .2 M Tris-HCl buffer (pH 7.4), 75 gi (22.5 lxg protein) LPL activator (TGLP, LDL, HDL, or plasma), 100 gl skim milk, and 125 gl .9% NaCI. Lipid present in incubations from activator 0ipoprotein or plasma) was less than 2% of that added as triglycelide emulsion. Blanks were conducted by replacing skim milk with an equivalent volume of .9% NaCI. Incubations were conducted at 37"C for 60 min and terminated by addition of 3.25 ml methanol/chloroform/heptane (1.41/1.25/1; vol/vol/vol). Extraction of hydrolyzed fatty acids was according to Belfrage and Vaughan (6) . One-milliliter aliquots of the upper (aqueous) and lower (organic) phase were transferred to scintillation vials containing 17 ml of scintillation cocktail (Ecolite, West Chem, San Diego, CA) and counted. Fatty acid recovery was measured by adding [9, 10-3H] Quarters were not completely milked out at sample collection to prevent onset of copious milk secretion. Postpartum samples were obtained from the AM milking after thor-where: oughly mixing milk in the weigh jar. Skim milk y was obtained from samples as previously described and frozen until analysis for protein and LPL activity. The same protocol was used for IX samples from a separate group of four Holcowi steins except samples were obtained starting 12 stagej d prior to the cows being dried off and were collected every other day until 12 d into the dry period. The LPL activity was determined on skim milk samples as previously described using TGLP as activator. The TGLP used was consistent for all assays and was obtained by eij pooling TGLP isolated from several cows.
Experiment 3. Skim milk was obtained from
60 randomly selected Holstein cows after the a.m. milking. Cows ranged in stage of lactation from 13 to 345 d postpartum. LPL activity was determined on skim milk samples as previously described using TGLP as activator.
Statistical Analysis
Data were analyzed using GLM and other programs from SAS Institute, Inc. (28) . The statistical models used for the three experiments are as follows:
For Experiment 1: Yijk = IX + lpi + ski + aCtk + (Iv * sk)i j + (Iv * act)tk + eijk is the hydrolysis as percentage or disintegrations per minute per microgram skim milk, Ix is the overall mean of the population, lpi is the effect of the i th cow sampled for obtaining lipoprotein fractions, ski is the effect of the jth COW sampled for skim milk actk is the effect of the type of lipoprotein activator (TGLP, LDL, HDL, or plasma) eijk is the unexplained residual element assumed to be independent and identically distributed N(0, o2).
For Experiment 2:
is the hydrolysis as percentage or disintegrations per minute per microgram skim milk, is the overall mean of the population, is the effect of the i th cow sampled, is the effect of the jth stage of lactation, either prepartum or postpartum for cows sampled near parturition, or prior to and just after drying off for the cows sampled near cessation of machine milking, is the random residual element assumed to be independent and identically distributed N(0, o2).
For Experiment 3: Interactions
RESULTS AND DISCUSSION
Expedment 1
Relative skim milk LPL activity when equivalent amounts of TGLP, LDL, HDL, or plasma protein are added to the assay is in Table 1 . Triglyceride-rich lipoprotein addition caused greater LPL activity than addition of LDL, HDL, or plasma (P<.001). Activity of LPL was lower in the presence of plasma compared to activity in the presence of lipoprotein fractions (P<.01). Lipoprotein lipase activity in the absence of an activator was not measured in these experiments. During validation of the assay, addition of sufficient TGLP to maximize LPL activity resulted in an increase in enzyme activity compared with addition of no activator (Figure 1) . Therefore, results indicate that at the protein concentration examined (22.5 ~tg/ml), LDL, HDL, and particularly plasma (diluted) have relatively little if any LPL activating potential. McNamara et al. (20) indicated bovine serum was less effective in stimulating bovine adipose tissue LPL than rat serum. Using a similar assay to the one we employed, Super et al. (33) observed a 40-fold increase in milk LPL activity upon addition of 10 txl of undiluted serum if substrate was labelled in the glycerol moiety but only a 2-to 3-fold increase when substrate was labelled in the fatty acid moiety. This discrepancy was unexplained, but similar to our experience, they encountered extremely high blanks when using fatty acid labelled substrate and speculated that extensive partial hydrolysis of triglyceride occurred in the absence of activator.
An important finding in this experiment was TGLP stimulation of LPL activity. Our laboratory (16) as well as (11) have shown TGLP are almost void of C apolipoproteins and contain relatively little compared with HDL. Bovine HDL C apolipoproteins have been fractionated, are heterogeneous, and consist of both peptides that activate or inhibit milk LPL (10, 19) . Because HDL was a relatively poor activator, it would appear that effects of activating and inhibiting peptides nearly offset each other. Triglyceride-rich lipoprotein either has sufficient activating C apolipoproteins to stimulate bovine milk LPL, or perhaps more likely, a different protein constituent that may stimulate activity. Bovine triglyceride-rich lipoproteins contain a 22,000 MW protein that is a significant proportion of the total protein (11, 16) . The identity and function of this protein is unknown. We speculate that this protein may play a role in lipoprotein triglyceride metabolism, possibly by activating LPL. Rapacz et al. (26) have identified a 23,000 MW apolipoprotein in TGLP and HDL from a strain of pigs genetically prone to atherosclerosis which they believe may be involved in triglyceride clearance from blood (personal communication). Sundheim et al. (31) obtained different results than our study and indicated bovine HDL caused greatest activation and TGLP no activation of milk LPL. However, their results are difficult to compare to ours because lipoprotein isolation procedures differed; they measured milk lipolysis but we measured emulsified triglyceride hydrolysis (substrate differed); and our incubations did not contain heparin. Heparin binds LPL (23) and lipoproteins containing apolipoproteins rich in basic amino acids (8) ; its presence in the assay could markedly affect results. Figure 2 and 3 illustrate the changes in LPL activity of the skim fraction of mammary secretions collected immediately pre and postpartum and immediately prior to and after drying off cows. The LPL activity remained low during the 12-d prepartum and did not begin to increase until after commencement of lactation. Prepartum skim mammary secretion LPL activity averaged .2% hydrolysis and was significantly different (P<.001) than postpartum skim mammary secretion LPL activity; 5.4% hydrolysis. Similarly, LPL activity was relatively high during the final 12 d of lactation (5.6% hydrolysis) and significantly different (P<.001) from LPL activity (<.1% hydrolysis) in secretions obtained after machine milking had ceased.
Results from this experiment indicated skim mammary secretion LPL activity is highly related to mammary lipid synthesis immediately surrounding parturition. It remains to be determined what causes the increased activity immediately after calving. Prolactin has been demonstrated to be involved in regulation of mare- Day relative to parturition mary tissue LPL activity in rodents (29) . Rat mammary tissue LPL activity increases dramatically approximately 2 d prior to parturition (17) , coinciding with a marked increase in serum prolactin concentration. Elevated mammary tissue LPL activity following parturition is thought to be maintained by a sucklingstimulated prolactin response. Although we did not observe an increase in skim mammary secretion LPL activity at 1 to 2 d prior to parturition, this does not eliminate the possibility of a prolactin-induced prepamun surge in mammary tissue LPL activity. Bovine serum prolactin concentration increases immediately prior to parturition (2) and LPL activity has been shown to increase in bovine mammary tissue 2 to 4 d prepartum (13) . However, any effects on mammary tissue LPL activity may not be reflected immediately in mammary secretions. Mechanisms of LPL Wansport from mammary tissue or capillary endothelium into milk are not understood. The continuation of relatively high LPL activity throughout the lactation cycle (Table 2) and the rapid and dramatic decline in LPL activity immediately after the final machine milking of the lactation indicates a role for "suckling"-induced stimulation of LPL. Thompson and Brownhill (34) observed a reduction in goat milk LPL activity by 2 d after cessation of milking, but activity returned to end of lactation values by 20 d into the dry period. Although samples were not taken during the entire dry period, our data would suggest LPL activity remains low the entire time the cow is not lactating.
Journal of Dairy Science Vol. 72, No. 6, 1989 It is unlikely that high LPL activity associated with machine milking is related to leakage of LPL due to tissue damage. Mehta et al. (21) collected human milk from one breast using a milk pump and simultaneously collected milk which dripped from the other breast. Milk LPL activity was lowest in milk collected by pump. Additionally, milk albumin and cell counts which are indicators of tissue damage and leakage of plasma constituents into milk are negatively correlated with milk LPL activity during the first 10 d postpartum (27) . Finally, LPL appears to be secreted into milk as efficiently as other milk proteins (23). 
Exl~tllmmt 3
Milk fat percentage or daily milk fat production did not account for a significant portion of the variation in skim milk LPL activity (P> .05). Askew et al. (3) reported a negative correlation (n = 11) between skim milk LPL activity and fat percentage regardless of expressing activity per milliliter of milk (r ----.3) or based on total daily milk production (r = -.6). Stage of lactation of cows sampled was not reported. In our study, fat percentage was positively, but not significantly, correlated with skim milk LPL activity (r = .22, />.05) across all stages of lactation. Because LPL activity, expressed on a per milliliter basis, was relatively constant at all stages of lactation, total LPL secretion by the mammary gland would be most closely associat~ with milk yield.
No significant differences in LPL activity were observed between stages of lactation (Table 2, P>.05). We did observe a significant positive correlation between percentage hydrolysis and skim milk protein concentration (r = .53, P<.0001) suggesting a relationship between LPL secretion and milk protein secretion. Beyond 50 d in milk, there was a trend toward increased milk LPL activity whether or not substrate hydrolysis was adjusted for skim milk protein concentration.
There is a considerable amount of literature pertaining to LPL activity in milk as affected by stage of lactation, but the majority of studies relate to spontaneous lipolysis and effects on milk quality. There appears to be very little relationship between skim milk LPL activity and spontaneous lipolysis (1) . Cream LPL activity (measured after cooling milk) was positively correlated with spontaneous lipolysis and highest in late lactation (>180 d) cows (1) . Others (4, 27) measured LPL in whole milk and observed greatest activity between 20 and 25 wk postpartum. Our results along with others suggest that peak milk LPL activity does not coincide with the same stage of lactation as peak milk fat production.
Indirect evidence from our study suggests that milk LPL activity is poorly related to mammary gland lipid synthesizing capacity beyond the peripartum period. Additionally, milk LPL activity may not be closely related to mammary tissue LPL activity unless tissue enzyme activity also remains relatively constant beyond an initial increase at the time of calving. Chilliard et al. (9) observed a negative correlation (r = -.69, P<.02) between goat milk LPL and mammary tissue LPL activity. It is possible that mammary tissue LPL activity is not highly regulated beyond the time immediately surrounding parturition. Bovine mammary tissue (3) or milk (4, 25, 27) LPL activity has been shown to be resistant to change during glucose infusion (25) , growth hormone injection (4), and alteration of dietary structural carbohydrate (3, 27) or protein level (27) . Rat mammary tissue LPL activity is influenced by prolactin but not other hormones responsible for milk secretion (29) . Although bovine serum prolactin concentrations immediately after milking decreased as lactation progressed, covariate-adjusted premilking and 1 h postmilking serum prolactin concentrations showed a gradual linear increase between 8 and 44 wk of lactation (18) . This is consistent with our observation of a trend towards increased skim milk LPL activity during this time. However, prolactin's role in regulation of lactation and mammary lipid metabolism in the bovine is uncertain because lactation is maintained during ergocryptine induced reduction of serum prolactin (5) and increasing serum concentration by exogenous administration of prolactin does not affect lactation performance (24) .
